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[English Abstract] 

Aerodymnic characteristLcs of a mdel helicopter ro tor  hovering in 

the  ground effect have been experkenta l ly  investigated. 

of papers have been writ ten on t h i s  sclbject ( re f .  1-4, etc.) ,  there s t i l l  

Although a nmiber 

tmains much t o  be explored about t h e  rotor  i n  the  unsteady condition. 

Me conducted two kinds of experiments i. e . ,  (1) rneasnrexents of the 

thrust ,  torque and induced veloci ty  of t h e  hovering ro tor  i n  t h e  ground 

effect and (2) flow visual izat ions arolind tCe hovering rotor in t h e  ground 

effect by t h e  use of t u f t .  

The qua l i ta t ive  realts  obtained are as follows. 

(1) Sthen a hovering rotor  i n  higher pi tch angle gets near t o  the  

g r o d  (Hdl/@), there i s  a saturation i n  t h e  th rus t  increase from the 

ground effect according t o  the blade stall .  

If  a rotor  is operated i n  lower pitch angle,  t he  torque for the con- 

* Received 6 August, 1966. 
** F l i g h t  Experiment Department. 
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stant revolution increases gradually k%th the approach t o  the  ground, how- 

ever, in the  next stage (i. e. H< l/&) it begins t o  decrease by up-sash 

which makes t he  lift vector incl ine forward. 

(2)  It agpears from f l o ~  observations t h a t  the periodical fluctua- 

t i on  of interference flow between down-wash and up-sash may introduce the  

unsteady phenonena of a hovering helicopter in t h e  ground effect .  

1. Introduction 

Generally speaking, when any type of an airplans f l ies  close t o  the 

ground, there  exists a so called ttground effect" which causes an increase 

or a decrease in the l i f t  and a variat ion i n  the equilibrium ment.  

helicopters, the ground effect usually assists in ovt;rweight con!itions 

and in taking off from high a l t i t d e  'Locations, and it is playing an im- 

For 

portant part i n  operations. Many studies h w e  been conducted on t h i s  ef- 

fecl;, :ut most of them did not c o n s s e r  ui1:teady aerodynamic conditions, 

However, the  unstable phenomena actuaJ.l,, atcur only when the  ground ef fec t  

is  produced by a helicopter hovering near the g r d .  It i s  also possible 

that wben the rotor approaches the grcund ~ 1 c x  the  p i tch  angle of the 

blades i s  increased, a stall ccnditicr: OCCUFS.  Taking t h i s  unsteady con- 

d i t ion  into consideration and using a nodel helicopter ro tor ,  %e measured 

the var ia t ions i n  the  t k n s t  atxi torque accoqanying the variations i n  the 

a l t i t ude  re la t ive  t o  the  ground and the  '#ai-iations i n  the induced velocity 

distribution during hovering. A t  the  sane t h e  we investigated t he  s ta l l  

condition using silk s t r ing  t u f t s  attache:\ t o  t he  upper surface of the 

dades. k'e also matie a frame for a i r  current obseruotion8 by binding many 



s i l k  strings t o  a wire net. 'nle observed the direction of the  a i r  flow 

around the rotor by placing t h e  frame under it. 

also conducted on the aspects of control of a helicopter havering near the 

@ ; r o d ,  and the effect of these phenomena on operations was investigated. 

F l igh t  experiments were 

2. Smbols 

b t  

c t  

D :  

H :  

Q :  

R :  

r t  

T :  

"i' 

O :  

Y t  

number of blades 

chord length of blade wing 

diameter of rotor 

elevation above ground ( a t  center of rotor hub) 

torque 

radius of rotor 

distance from rotor axis 

thrust 

induced velocity 

m e a n  of induced veloci t ies  (equation 2) 

distance from center of rotor hub 

cb=Q/l#PABnn t torque coefficient 

c& : 
G= T/pR% * t thrust coefficient 

\ 
profi le  torque coefficient (equation 1 )  

e,, t b M e  pitch angle a t  base of wing 

B0.n: blade pitch a t  0.75R 

o t angular velocity of rotor 

P : density of a i r  

o=&/zR t Solidity 

-: value at large elevation8 above the  ground 
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3. erimental Apparatus 

Figure 1 shows t h e  outl ine of the experinental apparatus. I n  order 

t o  make it easy t o  establ ish t h e  in te rva l  between the  ro tor  and the ground, 

that is, t h e  elevation above g r d ,  we erected t h e  ground board i n  a ver- 

t ical  position, turned the d e l  rotor  sideways, and placed it on a cart, 

so that it was pctssibole t o  move it along tracks t o  a position corresponciing 

t o  any elevation. In order t o  prevent any interference t o  the down-wash of 

the  rotor from surrounding walls and del ica te  breezes, the experiments were 

conducted at  t h e  center of t h e  airplane st ructure  laboratory (4Om x 4Om x 

181111 of t h e  A a b u  A i r p o r t  Branch. 

3.1 Kodel Rotor 

Table 1 lists each part of t h e  rotor used in the eqsriments. 

With three  aluminum alloy blades, f ree ly  moving flapping and lagging hinges, 

and a half fixed feathering hinge, pitch angles ( 8.) can be set every 2.5' 

when the 1s cord of the blade is t he  axis. We don't have a cycling pitch 

structure.  

The rotor ,  operating through a tors ion tube t o  measure torque and 

four p la t e  springs t o  measure thrust, has a mechanism for separating and 

extracting the torque and thrust without interference using s t r a i n  gauges 

stretched across them. 

An 80aW DC servomotor is used t o  operate the  rotor. Throughout 

these experiments we set the revolution of the  ro to r  a t  about 1030 r p m .  

A pulse was produced by a microswitch for every revolution of the rotor  

hub, and it was recorded -1 read on an oscillograph, 

3.2 Ground Board axxi Air Flow Observation Apparatus 

The ground boeud consister of plspwood and acry l ic  resin boards 



covering a 4 n high and 5 m wide wooderr frame. 

about 30 cm f romthe  bed, avbd it was fixed para l l e l  t o  t h e  plane of revo- 

lut ion of t h e  rotor. For the elevation above ground (H) i n  the  experi- 

ments, we Reahred the distance between t h e  center of the  rotor hub and 

the ground board. 

It was set ver t ica l ly ,  

The interference conditions or' t he  a i r  flow can be observed from 

below t he  ro tor  through the acrylic res in  board (1 m x 1 m) xhich was in- 

serted near the center of t he  ground board. Using smoke tubes aid dande- 

l i on  seeds, we observed the conditions in t h i s  uay when the rotor neared 

the  ground. F u r t h e m r e ,  i n  order t o  investigate i n  d e t a i l  t he  range of 

up-wash phenomena which can be observed h i th in  certain elevations, we made 

a wire net which is  shown in  Figure 2. This  ne t  consists of wire stretched 

a t  5 ern intervals  and s i l k  strings attached t o  the  wire. I n  order t o  de- 

termine a t  one glance whether t h e  a i r  flow is down-wash o r  up-wash, we 

i l luninated t h e  ground side of the wire with green l i g h t  and the ro tor  side 

with orange light. rhe white silk s t r ings  became colored depending on 

t h e i r  direction. 

I n  order t o  observe t h e  stalJ.ing conditign of the blades, t h e i r  

upper surface was covered with about 1 cm long t u f t s .  

which records the nurnber of revolutions, was synzhronized with a strobo- 

scope, which WEIS observed and filmed. IC order t o  .?id observation i n  

these experiments, we covered t h e  ground board with black velvet. The 

effect of these t u f t s  and the velvet on t h e  measured values ( thrus t ,  

torque) is practica11.y unnoticeable. 

The microswitch, 
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4.1 Aerodynamic Characteristics of Kodel Rotor (No Ground Effect) 

We measured the variations Lq the thrust  (T) and torque (c1) with 

t h t  changes in the  blade pitch angle ( 4 )  hnen t h e  rotor hovered a t  a loca- 

t ion without ground effect,  Table 2 shows the relationship between t h e  

measured values of t h e  blade pitch angle a t  the base of the wing (e;), ef- 

fective pitch angle (h& and tkrust  coefficlent without ground effect (G) 

and the  values of the blade loading coefficient (G/@) which is often used 

i n  ground effect  analysis. Figure 3 shows these resul ts  with polar curves 

of Cr and CQ. The dotted line i n  the  figure indicates the prof i le  torque 

coefficient (CQJ, which we calculated fron the  neasured values of Cr and CQ 

using equation 1 below. 

Using equation 2 below, we determined V, the mean of the induced velocities, 

from the measured values of t h e  thrust .  

A t  t h i s  time we measured t h e  distribution of the perpendicular com- 

ponents of the  induced velocity (v,) with a p i to t  tube and a slope manome- 

ter. Figure 4 shows an example when the pitch angle ( 4 )  is 25’. The para- 

meter (y) in the  flgure is the distance between the t i p  of the pi to t  tube 

&nd the  central surface of the rotor, and the figure shows that the down- 

wash concentrates as the distance from the rotor surface increases. The 

straight line indicates the  value of the induced velocity averaged over the 

whole surfwe of the rotor, neaenxred at y s 100 mm I O.O9l.D, d the  dotted 



line indica tes  t h e  value (V) calculated from the  t h r u s t  using equation 2.  

The value measured w i t h  t h e  p i t o t  tube i s  d i f f e r e n t  from t h e  value calcu- 

lated from t h e  t h r u s t  probably because of t h e  d i f f i c u l t y  of m e a s x - i n g  mall, 

swirling wind v e l o c i t i e s  with a p i t o t  tube and because of t h e  efi 'ects of t h e  

a i r  flow a t  t h e  edges of t h e  r o t o r  and near t he  hub. 

4.2 Aerodynamic Variations Due t o  Ground Effect 

Figures 5 and 6 show that t h e  t h r u s t  and torque of a r o t o r  ho- 

vering at a constant rate of revolution change as t h e  rotor approaches t h e  

ground. The TIT,  and Q/&= values  on t h e  v e r t i c a l  axis are d h e n s i o n l e s s  

q u a n t i t i e s  of t h e  thrust and torque divided by t h e i r  values  when t h e r e  i s  no 

ground effect. I n  Figure 5 ,  when the  p i t ch  angle ( 8 0 )  i s  aver 12.5' and t h e  

r o t o r  approaches t h e  ground, stalling s t a r t s  from t h e  base of t h e  blade and 

the  increasing curve of t h e  t h r u s t  levels off. We v e r i f i e d  t h i s  condition 

in the air flow experiment mentioned later. The dot ted l i n e  i n  t h e  figure 

shows t h e  predicted value of t h e  t h r u s t  when t h e  lack of s t a l l i n g  i s  assumed. 

I n  Figure 6, when t h e  p i tch  angle is  small, t h e  torque first increases then 

decreases as t h e  r o t o r  nears  t h e  ground (H/Dc0.23).  It is possible  t h a t  

t h i s  is because t h e  a i r  flow around t h e  r o t o r  became t h e  saqe as during de- 

scent ,  t h e  e f f ec t ive  joining angle increased f ron  t h e  up-wash of t h e  cen t r a l  

p a r t ,  t h e  l i f t  ac t ing  t h e r e  t i l t e d  forward, and a condition similar t o  auto- 

r o t a t i o n  occured. 

Figure 7 shows how much t h e  -;ariation i n  t h r u s t  and torque caused by 

t h e  graud effect assists the  power by making t h e  elevat ion parameter of t h e  

CT&Q curve t h e  same as in Figure 3. From t h i s  figure we can see that t h e  

power necessary t o  obtain t h e  same thrust decreases f r o n  t h e  ground effect .  

I n  Figures 5 md 7, t h e  increase in CT with the loading coef f ic ien t  ( C d o )  
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caused by the  ground effect i s  less than t h e  theoret!cal value. ' 9 3  This 

is because of the  s t racture  of t h e  model; probably because of t he  la rger  

hub. Also, we cannot neglect t h e  effect of corkscrewing. From now on, it 

will be necessary t o  investigate how t h e  ground effect i s  influenced by 

corkscrewing, by t he  s i ze  of t he  model, and by the  so l id i ty ,  b.,-iJeVer, we 

think t h e  r e s u l t s  of our experiments are la lyt ical ly  zorrect. 

4.2 Distribution of Induced Velocities 

With a p i t o t  tube and inclined manometer, we measured t h e  vari- 

a t ion  i n  t h e  d i s t r ibu t ion  of t he  induced ve loc i t i e s  as t h e  ro tor  neared 

t h e  ground. This is shown i n  Figure 4, It is d i f f i c u l t  t o  measure the  

perpendicillar components accurately with a p i t o t  tube because t h e  direc- 

t i o n  of t ne  a i r  flow varies grea t ly  near t h e  ground, a t  the  edge of the 

wings, and a t  t h e  cent ra l  pa r t  of the up-wash, but we concentrated on ob- 

taining analytic data t h i s  m y  because no other adequate measuring appara- 

t u s  are available. 

We performed experhents  with t he  blade pi tch angle a t  loo, l 2 . 5 O S  

15'. and 20°, but because we could find no la rge  differences in the  vari-  

a t ion  of t he  dis t r ibut ion,  we w i l l  describe t h e  conditions when 80 is 15'. 

This is equivalent t o  a regular helicopter during hovering, 

Figures 8, 9, and 10 show that the dis t r ibu t ion  of induced veloci- 

ties var ies  according t o  the elevation (H) of t h e  ro t c r  hub when t h e  dis- 

tance (y)  between t h e  plane of revolction (hnd the  p i t o t  tube is 100 mm, 

300 mm, and 500 r r i  respectively, As t h e  rotor nears t h e  ground, t h e  

greater  component of the induced veloci ty  moves t o  t he  outside, its width 

decreases, and it forms a tube shaped air curtain, Also, there  is an up- 

wash at  t he  ground and near t h e  p& surrounded by t h i a  curtain which 



moves wi th  time t o i a r d  the ro tor  hilb. 

cur ta in  seemed t o  Ijecom very h igh  when t h e  ro to r  approach& the  grounde2 

The s t a t i c  pressure ins ide  t h i s  a i r  

5. Unstable A i r  Flow Phenomena 

5. J. Ejlade Sta l l  

;Je observed a revolving blade covered with s i l k  s t r i n g  t u f t s  by 

shining a stroboscose on it from above, and we investigated t h e  appl icable  

range of t h e  blade p i t ch  angle ( e o >  and the effects of corkscrewing. Fig- 

ure  11 shows a photograph of t h i s ;  most wings stal l& on ly  when & was 20°. 

On t h e  other hand, no s t a l l i n g  could be seen a t  @0=15' and 80=10', although 

there was a l i t t l e  flow outward near t he  base of t h e  wing. 

The r e s u l t s  of t h e  measurements mentioned in t h e  previous parag2aph 

showed t h a t  t he  thrllst satarated instead of increzsing when and t h e  

blade appoached t h e  ground. In order t o  v e r i f y  t h e  hygothesis t h a t  

s t a l l i n g  i s  t h e  reason f o r  t h i s ,  w e  t r i e d  t o  bring t h e  rotor neirr t h e  

ground board. Figures 12 arid, 13 are examples of photographs. As shown in  

Figure 12,  where 80=d50 and t h e  ro to r  is  near t h e  ground (H = 0.25D), t h e  

angle of e levat ion increases and p u l l s  away near t h e  base of t h e  w i n g s  

when t h e  p i t c h  angle is large.  A t  80-10e (Figure 13) .  t h e  flow outward be= 

comes s l i g h t l y  s3ronger. and l i t t l e  s ta l l  OCCUrS. 

paziag Figures 12 and 13 t h a t  t h e  s ta l l  occurs when the r o t o r  operating 

It is c l e a r  from com- 

with a l a r g e  p i t ch  angle amroaches t h e  ground. 

5.2 Air Flow A r d  t h e  Rotor 

3arning a smoke candle a t  t h e  up3er surface of t h e  ro to r ,  we 

observed t h e  condition of t h e  air flaw from t h e  a c r y l i c  r e s i n  window a t  

,he center of t h e  ground board and from t h e  side of t h e  rotor .  Figure 14 
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shows a photograph taken from the  side. 

wash s t a r t s  t o  swirl when t h e  ro to r  approaches t h e  ground and t h e  a i r  flow 

under t h e  rotor mwes with time during hovering a t  low elevations.  

We found t h a t  a part of t h e  up- 

I n  order t o  inves t iga t e  t h i s  i n  more d e t a i l ,  we bound t u f t s  t o  a 

wire net  as shown i n  Figure 2 and placed it 100 mm under t h e  rotor. 

ure  Ij shows a photograph which was taken a t  @0=15' anc? H=O.50. The part 

a t  t h e  center where t h e  s t r i n g s  look f r i z z l e d  i s  t h e  up-r*ash regiou, I n  

order t o  ooserve t h i s  phenomenon clearly, we illuminated t h e  t u f t s  blown 

toxard the  ground and those blown tok-ard the  ro to r  with d i f f e r e n t  color 

l i g h t s  and made a color  movie. Figure 16 shows sketches of 0.5 second in- 

t e rva l s .  

per iodica l ly  i n  t h e  d i r ec t ion  of the revolut ion together with the reglon 

where t h e  sideways flow is  strong and its width changes with time. 

width of t h i s  region and i t s  speed of movement increase as the pikn angle 

g e t s  larger and the ro to r  nears t h e  ground, It is  ~~sc l l l l ed  that t h i s  move- 

ment of t h e  up-wash effects t h e  t a i l  r o t o r ,  s t ab i l i z ing  :*ins, and body an+ 

makes t h e  hel icopter  unstable  during hovering. 

Fig- 

It can bo seen from t h e  f i g u r e  that t h e  up-i<ash region swirls 

The 

5.J Fl igh t  Experiments on I n s t a b i l i t y  

rising f l i g h t  experiments on a small hel icopter ,  ne confirmed 

t h a t  tne s t a b i l i t y  de t e r io ra t e s  when a hovering hel icopter  a2proaches t h e  

grGund . 
Taking t h e  hover- elevat ion AS t h e  parameter, we measured the 

movements of t h e  p i lo t  operated cont ro l  stick when the  helicoptei  hoverd 

over one point  fo r  a given length o f  time. Tire results are shown i n  Fig- 

ure 17. The va.lue of t h e  hovering elevat ion divided by t h e  ro to r  diameter 

is shown on t h e  horizontal  axis, and t h e  area covered by t h e  locj  of t n e  
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movenents of the t i p  of the control s t i c k  is shoim on the  ve r t i ca l  axis. 

The rapid increase of t h i s  area as the helicopter approached Lie 

ground seem t o  prove t-hat the  in s t ao i l i t y  increases For the reasons de- 

scribed in the  pxvious paragraph. 

60 conclusions 

Xe arrived at the  following analytical conclusions based on our 

series of exper'ixuents on t h e  various phenonena produced at t h e  helicopter 

rotor  up t he  ground effect. 

(a) h%en t he  blade pi tch angle is big, s t a l l i n g  sometimes occurs 

xkea the  rotor approaches the ground, arid the ground effect causes the  

increase i n  the  thrust  t o  saturate. 

(b) 'rlhen t he  blade pit&- angle is s a ,  t h e  up-uash fro2 the  ground 

causes a phenonenon si3lflar t o  autorotat2on. The torque necessary t o  inain- 

5ain the revolution of the rotor  increases a t  first as the  rotor  approaches 

the  ground, and then it decreases as t h e  up-wash becomes stronger. 

(c) I n  the dis t r ibut ion of the ro tor  down-wash, the  posit ion where 

the wind velocity is the  largest  m e s  toward the  cirmnference as the 

rotor  approaches the g r o ~ d .  

(d) The region where the  a i r  flow is  stagnant because of the  doun- 

wash from the rotor  and the  up-wash from the  ground moves k-ith a cer tain 

periodicity. 

7. Postscript  

It is not necessaril?. r pilot  t o  keep t h e  helicopter hw- 

wing  in the grand effect; tte3 ;ray it feels slippery as if they were on 



something like an i c e  wall. 

t ra lning is dedicated t o  hovering, and it is not too much t o  say t h a t  the  

I n  fact, a large ?art of helicopter control 

t ra ining starts with havering and ends with hovering. As we obtained ana- 

lytical data on the  unstable phenomena rchich seexs t o  be caused by the 

i r regular  nmeient of t h e  down-wash and up-wash, we xant t o  pronote a qmn- 

t i t a t i v e  nodel on t h e  e f fec ts  of size, corkscrewing, sol idi ty ,  posit ion of 

the  rotor ,  and body type and on the interference at t h e  tixed wing of the 

conpound helicopter developed recently,  as well as f l i g h t  elqeriments. 

Finally, we want t o  thank the  members of the Airplane aody Depart- 

ment who assisted us on numerous occasions xhen we used the airplane stmc- 

ture laboratory. 

iie a lso  w a n t  t o  add that these experiments sere conducted with the  

cooperation of the technical  o f f i c i a l s ,  K e n j i  Yazawa, Yukio Kamata, and 

Yukichi Tsukano. 
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Table 1 

Rotor diameter (D) 1100 mm 

Chord length of blade wing (c) 

Blade wing shape NACA 0012 

33 

Downbend of blade (from hub's center) 8'20' 

Flapping hinge position 

Lugging hinge position 

Sol id i ty  (4 0.0573 

Blade weight 109 gram 

0.0327~ = 18 

0.03~6 = 18 W- 

Table 2 

00 80 w 150 so 
O0 50 loo so I *  

b(arpproot)-50 
G o o  -0.alm 4 B o M  a b  aooQg 0.0089 

croc/s -awn -0.0017 0.0489 aiw a m  

iiemark: In these experiments, was established at the base of t h e  blade 
(0.15R), 
blade w i n g  surface. 

shows the value at  75% of the length of the 

I 

0 - 9  : -9  

Figure 1 Outline of experimental apparatus 





- ~=0.091D 

'Lli - 3502730 

* ~ ~ 0 . 4 5 5 0  

i 
I 

m/sec 

6 

5 

4 

3 

2 

I 

Figure 4 Distribution of induced veloc i t ies  

Figure 5 Variation in thrust due to ground effect 



Figure 6 
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Figure 7 Variation i n  the +-CQ curve due to ground effect 
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Figure 8 Variation in induced velocity due to ground effect (1) 

Figwe 9 Variation in induced velocity due t o  ground effect (2) 
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Figure 10 Variation in induced velocity due to ground effect (3) 
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Figure 11 Air flow conditions depending on pitch angle 



Figure 12 Variations in air flow on the upper sxrface of the blade due 
to agroaching t h e  ground (I) (eO=15O) 

- H = D  

-H =OSD 

-H=O.SD 

.. I_-.Y --.-- . . . . . . . . .  .-__ .. ,. .. , ................... --*-- 

Figure 13 Variations in air flow on the upper surface of the blade due 
to approaching the ground (11) Wo=1oo) 
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Region of strong sideways air flow 
( l ines  inside indicate direction of flow) 
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(Sequence of numbers shod8 changes a t  0.5 second intervals) 

Figure 16 Variations with time in the direction of air flow under the 
rotor 
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Figure 17 Area of movement of control stick and hovering elevation 
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